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Oxide nanowire arrays are playing an important role in energy sciences 
nowadays, including energy harvesting, energy storage, and power management. By 
utilizing a wet chemical growth method, we demonstrated the capabilities of synthesizing 
density controlled vertical ZnO nanowire arrays on a general substrate, optimizing the 
aspect ratio of the vertical ZnO nanowire arrays guided by a statistical method, 
epitaxially growing patterned vertical ZnO nanowire arrays on inorganic substrates, 
epitaxially growing patterned horizontal ZnO nanowire arrays on non-polar ZnO 
substrates, and the lift-off of the horizontal ZnO nanowire arrays onto general flexible 
substrates. In addition, single crystalline PbZrxTi1-xO3 (PZT) nanowire arrays were 
epitaxially grown on conductive and nonconductive substrates by hydrothermal 
decomposition. Beyond that, based on the as-synthesized ZnO nanowire arrays, we 
demonstrated multilayered three dimensionally integrated direct current and alternating 
current nanogenerators. By integrating a ZnO nanowire based nanogenerator with a ZnO 
nanowire based nanosensor, we demonstrated solely ZnO nanowire based self-powered 
nanosystems. Also, utilizing a commercial full-wave bridge rectifier, we rectified the 
alternating output charges of the nanogenerator based on PZT nanowire arrays, and the 
rectified charges were stored into capacitors, which were later discharged to light up a 
laser diode (LD). In addition, blue/near-ultraviolet (UV) light emitting diodes (LED) 








 There are three most important and popular one-dimensional nanostructures that 
are being actively studied nowadays in nanoscience and nanotechnology: carbon 
nanotubes,(1-2) silicon nanowires,(3) and ZnO nanowire/nanobelts.(4-5) ZnO nanowires 
stand out from the family of one-dimensional nanomaterials, because of its superior 
performance and far reaching applications in biomedical science, energy science, 
electronics and optoelectronics.(6-8) ZnO is a piezoelectric material. It has a direct wide 
band gap of 3.37 eV, and a large exciton binding energy of 60 meV. It has many 
applications in electronic, optoelectronic, and electromechanical devices.  
 
Figure 1. Map of physics.(10) 
 In reality, over the last decade, there has been an exponential increase in the 
number of publications on ZnO nanowires according to an editorial themed issue 
published in the Journal of Materials Chemistry (J. Mater. Chem., 2009, 19, 826-827.).(9) 
In addition, as illustrated in the “Map of Physics” (Figure 1) by Physics World, each 
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circle represents a sub-discipline of physics, and the size of the circle is proportional to 
the number of publications in that area, and the branches represent its popularity. On this 
map, we can find quantum computing, dark energy, string theory, high temperature 
superconductor, carbon nanotube electrodes, and ZnO nanowires, etc. A clear message is 
that ZnO nanowire research is currently one of the most important and popular research 
subjects in the entire field of physics (Physics World, 2008, October, 21, 36-37.).(10)  
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CHAPTER 2 
RATIONAL GROWTH OF OXIDE NANOWIRE ARRAYS BY WET 
CHEMICAL METHODS 
 
 ZnO is a semiconductive and piezoelectric material with a direct wide bandgap of 
3.37 eV and a large exciton binding energy of 60 meV at room temperature.(11-12) It has 
been demonstrated to have enormous applications in building up electronic, 
optoelectronic, electrochemical, and electromechanical nanodevices,(6-7, 13-16) such as 
ultraviolet (UV) lasers,(17-18) light-emitting diodes,(19-21) field emission devices,(22-
24) high performance nanosensors,(25-27) solar cells,(28-31) piezoelectric 
nanogenerators,(32-36) and nano-piezotronics.(8, 37-38)  
 One dimensional ZnO nanostructures have been synthesized by a wide range of 
approaches, such as wet chemical methods,(39-41) PVD,(4-5, 42) metal-organic 
chemical vapor deposition (MOCVD),(43-45) molecular beam epitaxy (MBE),(46) 
pulsed laser deposition,(47) sputtering,(48) flux,(49) eletrospinning,(50-51) and even top 
down approaches.(52) Among those techniques, PVD and flux usually require high 
temperature, and easily incorporate catalysts or impurities into the ZnO nanostructures, 
and therefore are less likely to be able to integrate with flexible organic substrate for 
future foldable and portable electronic applications. MOCVD and MBE can give high 
quality ZnO nanowire arrays, but are usually limited by the sample uniformity, low 
product yield, and choices of substrate. Also, the experimental cost is usually very high, 
and they are thus less widely adopted. Pulsed laser deposition, sputtering and top down 
approaches have less controllability and repeatability compared with other techniques.  
 Comparatively speaking, the wet chemical methods are attractive, having several 
advantages, such as low cost, less hazardous, and thus capable of easy scaling up;(53-54) 
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the possibility of achieving satisfying crystallinity at a relatively low temperature (<100 
℃) without further calcination, and thus compatible with flexible organic substrates; no 
need for the use of metal catalysts, and thus can be integrated with the present silicon 
technologies;(55) besides, there are a variety of parameters that we can play with to fully 
control the morphologies and properties of the products.(56-57) The wet chemical 
methods have been demonstrated as a very powerful technique for growing one 
dimensional ZnO nanostructures.  
 
2.1 Density controlled growth of vertical ZnO nanowire arrays on a general 
substrate 
 The seeded grown ZnO nanowires were usually very dense and its density could 
not be easily controlled.(41, 59) Using a novel chemical approach, density-controlled, 
vertically aligned ZnO nanowire arrays were synthesized on both rigid and flexible 
substrates.(58) We have chosen Si (100) and flexible Kapton polymer as the substrates. 
For simplicity of description, we use Si substrate to describe the experimental procedure 
and to illustrate the effects of various experimental parameters on the growth.  
 A piece of Si (100) wafer substrate was cleaned by a standard cleaning progress. 
First, the wafer was ultrasonicated consecutively in acetone, ethanol, isopropyl alcohol 
(IPA) and de-ionized water each for 10 minutes, then blew dry by dry nitrogen gas and 
then baked on hotplate at 200 °C for 5 minutes to get rid of any adsorbed moisture. Then, 
a 50 nm thick layer of Au was deposited on top of the Si wafer by magnetron plasma 
sputtering, which is expected to act as an “intermediate-layer” to assist the growth. 
Between the Si wafer and Au layer, 20 nm of Ti was deposited as an adhesion layer to 
buffer the large lattice mismatch between Si(100) surface with native oxide on and 
Au(111) surface and to improve the interface bonding. Then the substrate was annealed at 
300 °C for 1 hour.  
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 The next step is to prepare the nutrient solution. The nutrient solution was 
composed of a 1 to 1 ratio of zinc nitrate and hexamethylenetetramine (HMTA) (Figure 
2). Both of the chemicals were reagent grade from Fluka.  
 
Figure 2. Molecular structure of HMTA.
(CH2)6N4 + 6 H2O ↔ 4 NH3 + 6 HCHO      (1) 
NH3 + H2O ↔ NH3·H2O        (2)  
NH3·H2O ↔ NH4+ + OH−        (3)  
Zn2+ + 2 OH− ↔ Zn(OH)2        (4) 
Zn(OH)2 → ZnO +H2O        (5) 
 The reactions taking place in aqueous systems are usually considered to be in a 
reversible equilibrium, and the driving force is to minimize the free energy of the entire 
reaction system, which is the nature of wet chemical method. The chemistry of the 
growth is well documented.(60-61) Zinc nitrate salt provides Zn2+ ions required for 
building up ZnO nanowires. Water molecules in the solution provide O2− ions. Even 
though the exact function of HMTA during the ZnO nanowire growth is still unclear, it is 
believed to act as a weak base. Shown in Figure 2 is the molecular structure of HMTA. It 
gradually decomposes in water into small molecules, ammonia and formaldehyde, to 
release the strain energy that was built in the structure, as shown in reaction equation (1). 
The ammonia creates a basic environment, which helps to form zinc hydroxide, reaction 
equations (2-4). Then at an elevated temperature, Zinc hydroxide undergoes dehydration 
and produce ZnO. We can play with the various reaction parameters to control the 
morphology, dimensionality, and crystallinity of the nanowires. 
∆ 
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 The slow decomposition of HMTA in the water solution gradually producing OH− 
is critical in the synthesis process because, if the HMTA hydrolyzes very fast and 
produces a lot of OH− in a short period of time, the Zn2+ ions in solution would 
precipitate out very quickly due to the high potential of hydrogen (pH) environment, 
which would have little contribution to the ZnO nanowire oriented growth, and 
eventually results in fast consumption of the nutrient and prohibits further growth of ZnO 
nanowires.  
 
Figure 3. The graph on the left is the schematic experimental setup; the camera image on the 
right is the actual reaction container, where we can clearly see a substrate floating on the surface 
of the growth solution. 
 Growth of ZnO nanowires was conducted in mechanical convection oven 
(Yamato DKN400). Shown on the left in Figure 3 is the schematic experimental setup. 
One thing worth noting is that we float the substrate facing down on the surface of the 
reaction solution by virtue of surface tension, which prevents the homogeneously formed 
ZnO nanostructures inside the solution body falling onto the substrate and inhibiting the 
regular growth of ZnO nanowires. When heated in an oven, ZnO nanowires 
heterogeneously nucleate and grow on the substrate. Shown on the right in Figure 3 is a 
real camera image of it. It is apparent that a substrate floating on the solution surface. The 
annealing process helps the as-deposited Au layer to form a uniform crystalline thin layer 
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on the surface of Si substrate, which is critical in the oriented growth of aligned ZnO 
nanowires. 
 The growth process of ZnO nanowires can be controlled through the five 
chemical reactions listed above. All of the five reactions are actually in equilibrium and 
can be controlled by adjusting the reaction parameters, such as precursor concentration, 
growth temperature and growth time, in order to push the reaction equilibrium forward or 
backward. In general, precursor concentration determines the nanowire density. Growth 
time and temperature control the ZnO nanowire morphology and aspect ratio. In the 
following parts, the growth mechanism of ZnO nanowire arrays is elucidated with 
detailed analysis.  
 
2.1.1 Concentration 
 The density of ZnO nanowires on the substrate could be controlled by the initial 
concentration of the zinc salt and HMTA. To explore the relationship between the 
precursor concentration and the density of the ZnO nanowire arrays, a series of 
experiments were performed by varying the precursor concentration but keep the ratio 
constant between the zinc salt and HMTA.  Experimental results show that the density of 
the nanowire arrays is closely related to the precursor concentration. Detailed analysis of 
the measured data is shown in Figure 4 (red line). From 0.1 mM to 5 mM, the ZnO 
nanowires density, defined as number of nanowires per 100 μm2, increases dramatically, 
possibly for the following reasons. Zinc chemical potential inside the solution body 
increases with zinc concentration. To balance the increased zinc chemical potential in 
solution, more nucleation sites on the substrate surface will be generated. So, the density 
of ZnO nanowires increases.  
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Figure 4. Density varied with concentration: Plot of ZnO nanowire density in a 100 µm2 
area (red line) and plot of area percentage covered by ZnO nanowires (blue line). Each data 
point was obtained from 4 different areas. Inset is a typical scanning electron microscopy 
(SEM) image of ZnO nanowires grown at 5 mM. 
 When further increasing the zinc concentration, the density of ZnO nanowires 
remains approximately steady with a little tendency of decrease. The steady/saturated 
density may be understood from the nucleation and growth process. The nanowire 
density is decided by the number of nuclei formed at the very beginning of the growth, 
which continued to grow and form nanorods (shorter nanowires). The arrival of more 
ions on the substrate may not initiate new nuclei at a later stage because of two possible 
reasons. One, with consideration the critical size required for a nucleus to grow into a 
crystal, no new nanorods would form if the sizes of the nuclei are smaller than the critical 
size. Second, due to the existence of the first group of nanorods, the newly arrived ions 
on the substrate have higher probability to reach the existing nanowires rather than to the 
newly formed nuclei, thus, the size of the nuclei may not exceeds the critical size and 
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they will eventually dissolve into the solution body. In such cases, a continuous increase 
in solution concentration may not increase the density of the nanowires when its density 
is larger than the saturation density. This also explains why the grown nanowires in our 
experiments have fairly uniform height. Even though the density of the ZnO nanowire 
remains steady at high precursor concentration level, the surface coverage percentage 
increases slightly due to the lateral growth of the nanowires (Figure 4, blue line). 
 
2.1.2 Growth time 
 
Figure 5. Time dependent of ZnO nanowire morphology evolution: (a) 0.5 hour; (b) 6 hours; 
(c) 48 hours. 
 Wurtzite ZnO has polar surfaces, such as (0001) and ( 1000 ), and non-polar 
surfaces such as { 0101 } and { 0112 }. At different growth stages, including at the 
beginning, in the middle and at the end, the polar surfaces axial growth is found to have a 
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different relative growth rate to non-polar surfaces’ lateral growth. At the beginning 
growth period (from the very start to around half an hour), lateral growth seems to be 
more significant than axial growth (Figure 5(a)). When the growth time exceeds half of 
an hour, the width of ZnO nanowires is almost independent of time, indicating little 
lateral growth [Figure 5(b)]. This indicates that, at the beginning growth stage, lateral 
growth is more significant than axial growth. In the middle growth stage, which means to 
grow from half an hour to around 6 hours, axial growth is dominant. At the final growth 
stage, which means to grow from 6 hours to 48 hours in our experiments, lateral growth 
and axial growth seem to be equally significant, as can be seen from Figure 5(b) and 5(c). 
In this period, ZnO nanowires length is almost doubled. At the same time, ZnO 
nanowires width is also doubled. The aspect ratio remains nearly constant. 
 Our previous study indicates that the Zn-terminated (0001) surface is much more 
catalytically active than the O-terminated ( 1000 ) surface for the growth of nanowires. 
For the aligned array, we believe that all of the nanowires have their positive c-axis 
pointing upwards, which means that the (0001) surface is at the growth front. This 




 Temperature is an important factor in keeping high aspect ratio of the hexagonal 
prism shape of ZnO nanowires. In our experiments, 70 ℃ is found to be the optimum 
temperature to get high aspect ratio and well defined hexagonal prism shape of the ZnO 
nanowires [Figure 6(b)]. If going to a lower temperature, for example 60 ℃ [Figure 6(c)], 
the aspect ratio becomes smaller compared to that at 70 ℃. Aspect ratio of the ZnO 
nanowires is determined by the relative growth rate of the polar surfaces and non-polar 
surfaces. Therefore, it means that the relative growth rate of polar surface to non-polar 
surface at low temperatures is smaller than that at high temperatures. By increasing the 
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temperature for example to 95 °C, pyramid shaped ZnO nanorods were grown [Figure 
6(a)]. The temperature dependent growth behavior may also be understood from the basic 
theory of crystal nucleation and growth. When the temperature is low, the mobility and 
the diffusion length of the ions on the substrate are rather limited, which prohibit the ions 
to diffuse around, and therefore large size nuclei were formed. Thus, the nanowire 
density is low. At high temperature, the mobility and diffusion length of the ions are large 
enough to reach the sites of the firstly grown nanowires, thus, no new nuclei would be 
formed because the precursor ions have higher affinity to the already formed seeds than 
bare substrate, resulting in a lower density of nanowires on the substrate. At an optimum 
temperature, such as 70 ℃, the mobility of the ions is moderate and their diffusion length 
is within a small range in the vicinity of the substrate, thus the accumulation of ions at 
local regions results in high density of nanowires. But their size is small because of the 
conservation of total ions that are able to migrate to near the substrate.  
 
Figure 6. ZnO nanowires grown at different temperatures: 60° tilt degree view of ZnO nanowires 
synthesized at (a) 95 ℃, (b) 70 ℃, and (c) 60 ℃. The three images are recorded at the same 
magnification and the three inset images are at the same magnification as well. 
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 As discussed previously, HMTA functions as a slowly decomposing weak base, 
which maintains the weak basic environment in the solution and successively provides 
Zn2+ ions with OH− ions. From reaction (1), we find that 7 moles of reactant produce 10 
moles of product. So, if increasing the reaction temperature, reaction (1) would move 
forward by virtue of entropy increase, which means that HMTA decomposes more 
quickly at high temperature than at low temperature. That is to say, at the very beginning, 
HMTA has already decomposed to a relatively large degree and has produced enough 
OH−, resulting in a sufficient and thorough growth of ZnO at the beginning. Therefore, 
the base of our ZnO nanorods is thicker than at lower temperature. Furthermore, both the 
axial and lateral growth rates are much increased at higher temperature. As time goes by, 
the supply of Zn2+ is limited in the reaction container and gradually becomes exhausted, 
which leads to the formation of incomplete shape of the nanowires (pyramids or tapped 
nanorods).  
 As discussed above, the concentration controls the nucleation density, growth 
time controls the aspect ratio, and temperature controls the morphology as well as aspect 
ratio. By adjusting those three parameters, we can optimize the aspect ratio ZnO 
nanowires, to be discussed in section 2.2. 
 
2.1.4 Substrate 
 In the experiments, effect of different substrates on the controlled growth of 
aligned ZnO nanowire arrays was investigated.  The results show that the substrate 
substances have little influence on the growth of ZnO nanowire arrays as long as the 
substrates were treated with a standard fabricating procedure as described previously.  
Growth results on different substrates are shown in Figure 7. ZnO nanowire arrays could 
grow not only on single crystal Si wafers (Figure 7(a)), but also on amorphous flexible 
polymer substrates [Figure 7(b)]. The basic requirement for the aligned growth is that the 
substrate is locally smooth. This technique was a low-cost, time-efficient, and scalable 
 13
method for fabricating ZnO nanowire arrays on a general substrate for various 
applications. 
 
Figure 7. ZnO nanowires grown on (a) stiff Si wafer and (b) flexible Kapton polymer 
substrate, which are at the same magnification. 
 
2.2 Optimizing the growth quality of ZnO nanowire arrays using a statistical 
design of experiments  
 




Figure 9. Reflectance spectra of the ZnO nanowire arrays of different aspect ratio. Curve A, B, C 
and D correspond to aspect ratio of 15.1, 20.1, 20.9 and 22.3, respectively and their representative 
SEM images. 
 In general, ZnO nanowires are typically manufactured by two methods, namely, 
PVD and hydrothermal decomposition. In contrast to the PVD, synthesized via the wet 
chemical method, the ZnO nanowires are of low aspect ratio typically of 10 to 15,(59, 62) 
which greatly limits their applications in which flexible and high surface to volume ratio 
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ZnO nanowires are needed. There has been a few reports that the aspect ratio of the ZnO 
nanowires could be increased by adding some external capping agents, such as 
ethylenediamine(63) and polyethylenimine;(64) however, at the same time, these capping 
agents might also introduce some undesirable impurities into the ZnO nanowires, which 
would greatly undermine their applications for which untainted ZnO nanowires are 
required. In most existing literature, there is a lack of a general theoretical guidance in 
experimental approach. The usual cook and look methods are time consuming and often 
time ineffective. We developed a novel way of optimizing the aspect ratio of 
hydrothermally grown ZnO nanowire arrays by utilizing a systematic statistical design 
and analysis method.(57) As guided by statistical methods, we performed a sequence of 
experiments toward growing aspect ratio enhanced ZnO nanowire arrays.  
 Classic statistical analysis did not suit this application due to the uncontrollable 
variation in the process and complex interactions among various factors. In this work, we 
used pick-the-winner rule(65) and one-pair-at-a-time main effect analysis(66) to identify 
optimal reaction settings. By controlling the hydrothermal reaction parameters (reaction 
temperature, time, precursor concentration, and capping agent), we improved the aspect 
ratio of ZnO nanowires from around 10 to nearly 23 (Figure 8). The statistical design and 
analysis methods were very effective in reducing the number of experiments performed 
and in identifying the optimal experimental parameters, and also enabled us to change 
more than one parameters at a time and analyze the relationship between the different 
reaction parameters.  
 Antireflection coating layers play a significant role in enhancing the efficiency of 
photovoltaic devices by increasing the light coupled into the active region of the 
devices.(67-70) The intricate distribution of the ZnO nanowires and their textured surface 
could trap photons, leading to a broadband suppression in reflection. Lee et al. reported 
that highly textured ZnO nanorod arrays synthesized via low temperature solution growth 
played a significant role in the performance of photovoltaic devices as an antireflective 
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coating.(70) By changing the growth conditions, they modified the shape of the ZnO 
nanorod tips, leading to continuously varied refractive index profiles in a single layer. 
Accordingly we expect that, as we increase the aspect ratio of the ZnO nanowires 
combined with the nanoscale surface roughness of the nanowire arrays, there would be 
better chances for the incident photons interacting with the nanowires’ surfaces and 
therefore the absorption cross section would be considerably larger. Thus there would be 
more photons coupled into the ZnO nanowire and eventually increase the efficiency of 
the photovoltaic devices.  
 We measured the anti-reflection spectrums of different aspect ratios of the ZnO 
nanowire arrays at an incident angle of 60°. As illustrated in Figure 9, curves A, B, C 
and D correspond to ZnO nanowires of aspect ratio of 15.1, 20.1, 20.9 and 22.3, 
respectively. These four nanowire arrays have approximately the same nanowire density, 
as shown in their SEM images. Obviously, we can see that the ZnO nanowire arrays with 
an aspect ratio of 22.3 have an almost 30% stronger capability to suppress the reflection 
than those with an aspect ratio of 15.1 in both the ultraviolet and visible range. That is 
simply because long nanowires would have much higher chance to interact and couple 
the light photons with the nanowires’ surface than the short ones. This showed great 
potential applications as antireflective coating layers in photovoltaic devices. The little 
bumps at around 900 nm on the curve come from the detector change during the data 
collection of the equipment.  
 
2.3 Patterned growth of vertically aligned ZnO nanowire arrays on inorganic 
substrates at low temperature without catalyst  
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Figure 10. Flow chart growing patterned vertical ZnO nanowire arrays on inorganic substrates. 
The substrate could be seeded general substrates or epitaxial substrates, e.g. GaN. We spin coat a 
thin layer of photoresist first, then use electron beam to write patterns on the photoresist, and then 
put exposed photoresist into a developer. The photoresist where has been exposed by the electron 
beam is washed away, exposing the targeting substrate underneath in the patterned areas only. 
Then when we put it into the growth solution, and ZnO nanowires grow out of the photoresist 
openings only. 
Vertically aligned ZnO nanowires have a variety of astonishing applications in 
electronics, optoelectronic and electromechanical nanodevices. Growth of aligned ZnO 
nanowires has been achieved on GaN via physical vapor deposition (PVD) at high 
temperature of 500-800 ℃, with the use of gold as a catalyst,(71) in which the catalyst 
initiated and guided the growth, and the epitaxial orientation relationship between the 
ZnO nanowires and the GaN substrate led to the aligned growth. This strategy may have 
the risk of introducing catalyst residual atoms into the ZnO nanowires, which is 
incompatible with silicon technology. Patterned growth of aligned ZnO nanowires has 
also been accomplished by PVD using nanosphere-masking lithography on sapphire,(72) 
which was conducted at high growth temperature, and therefore was not compatible with 
many other materials. MOCVD growth(73) and template-assisted growth(74) have also 
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been employed for the fabrication of vertically aligned ZnO nanowires. Yi et al. have 
demonstrated a technique of growing periodically arranged ZnO nanorod arrays on a 
silicon substrate coated with ZnO seeds by electron beam lithography (EBL).(75) But 
their nanorods were thick in diameter and had a rather small aspect ratio,(76-77) which 
greatly limited their applications.  
 
Figure 11. (a) Top view and (b) 60° tilt view of the ZnO nanowire arrays on a Si wafer grown at 
70 ℃.  (c) Top view and (d) 60° tilt view of the ZnO nanowire arrays on a Si wafer grown at 95 
℃. 
To grow high-quality ZnO nanowire arrays for applications including sensor 
arrays, piezoelectric antenna arrays, LEDs, waveguides and high voltage nanogenerators, 
we need an approach that can meet the following three requirements. First, the growth 
has to be at low temperature so that it can be integrated with general substrates. Second, 
the nanowires have to be grown following a designed pattern, with a high degree of 
control in size, orientation, dimensionality, uniformity, and possibly shape. Finally, the 
catalyst should be eliminated for integration with silicon based technology.  
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We demonstrated an approach that met all of these requirements.(55) Our method 
combined EBL and a hydrothermal method to achieve patterned and aligned growth of 
ZnO nanowires at <100 °C on general inorganic substrates, such as Si and GaN, without 
 
Figure 12. (a) Top view and (b) 60° tilt view of the ZnO nanowire arrays on a GaN substrate. (c) 
Top view and (d) 60° tilt view of the nanowires growing out of 400, 200, and 100 nm sized holes. 
Insets are enlarged top view image. Insets are enlarged top view of the nanowires. (e) Top view 
and (f) 60° tilt view of a 200 μm × 200 μm patterned nanowire arrays. 
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using a catalyst (Figure 10). The non-epitaxial growth of ZnO nanowire arrays on Si 
wafers (or any other inorganic substrates) was assisted by a thin film of polycrystalline 
ZnO seeds. EBL was employed to generate a patterned mask, which was made of 
polymethyl methacrylate (PMMA), over the ZnO seed film. The hydrothermal growth 
mechanism has been elaborated above. Even though the substrate was annealed at 300 ℃ 
for 20 minutes, the ZnO seed film on the substrate was still composed of many tiny 
crystals with random in-plane orientations, ranging from several nanometers to tens of 
nanometers in size. The sizes of the EBL patterned openings in this study were all greater 
than 100 nm, in which a number of ZnO grains were exposed. Consequently, in most 
cases, multiple nanowires would grow out of one single spot, as illustrated in Figure 
11(a) and (b). Under appropriate conditions, ZnO nanowires in close proximity are 
inclined to have coalescence effects.(80) In our experiments, by increasing the growth 
temperature from 70℃ to a relatively high growth temperature (95 ℃), those multiple 
nanowires from one single opening merged together, resulting in a thicker nanowire as 
shown in Figure 11 (c) and (d).  
The epitaxial growth of aligned ZnO nanowire arrays on Si doped n-type GaN on 
a sapphire substrate(81) was performed in an analogous way as on a Si wafer. The lattice 
mismatch between Wurtzite GaN (0001) plane and Wurtzite ZnO (0001) plane is 1.8%, 
which led to a perfectly aligned growth of ZnO nanowire array, as shown in Figure 12 (a) 
and (b). Because the as-grown nanowires have a small diameter and a large aspect ratio, 
the sample needs a supercritical drying when the hydrothermal growth is complete.(82) 
Or else, when the liquid droplets on the nanowire arrays get evaporated and shrink in 
size, the surface tension of the droplet would sweep all the vertical nanowires down onto 
the substrate.  
An interesting phenomenon was noticed when we compared the EBL pattern 
before hydrothermal growth with that after hydrothermal growth. Out of 100 nm sized 
holes the grown nanowires were 300 nm in diameters. The width of the nanowires was 
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three times the diameter of the holes. We proposed a two-step growing process for the 
ZnO nanowires. In the first step, the nanowire grew out of the photoresist hole with the 
same lateral dimension as confined by the hole. Then in the following step, there was no 
lateral confinement for it, and the nanowire could grow both vertically and laterally, but 
apparently faster in vertical direction than in lateral direction.  
 
Figure 13. XRD pattern of the as-grown ZnO nanowire arrays on GaN (001). Inset is the ZnO 
(002) peak rocking curve. 
Even though the nanowires would expand laterally when they grew out of the 
confining holes, we could still tune the width of the nanowires in a very responsive and 
reliable fashion. As shown in Figure 12 (c) and (d), when we made an array of circles 
with 400 nm, 200 nm and 100 nm in diameter, respectively, the developed nanowires 
showed proportional sizes to the holes accordingly. In addition, the pitch between the 
roles and columns of the pattern could also be straight forwardly varied for different 
application purposes. Even though the EBL method is said to be time consuming, the 
patterned growth could be easily scaled up with JEOL JBX-9300FS EBL system. As 
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shown in Figure 12 (e) and (f), a 200 μm by 200 μm sized ZnO nanowire arrays, with 100 
nm in hole diameter and 1 μm in pitch could be finished within less than 2 minutes. 
The crystal structure and vertical alignment of the as-grown ZnO nanowire arrays 
were examined by X-ray diffraction (XRD) pattern and rocking curve measurements. The 
θ-2θ scanning results of the sample are shown in Figure 13, where the main peaks have 
been labeled. In the inset of Figure 13 is the θ-rocking curve for the peak at 34.393° of 
the ZnO (002) plane. It exhibits a full width at half maximum (FWHM) value of 0.15°, 
which indicates almost perfect vertical alignment of the ZnO nanowires on the GaN 
substrate.  
 
2.4 Patterned growth of horizontal ZnO nanowire arrays 
 
Figure 14. Illustration of epitaxial growth strategy for vertical and horizontal ZnO nanowire 
arrays, respectively. 
As a counterpart of the vertically aligned ZnO nanowire arrays, horizontal ZnO 
nanowire arrays have as many important applications as the vertical arrays. But there is 
only limited research and progress in this area. Horizontally aligned ZnO nanowire arrays 
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have also been grown by a few approaches, such as growing ZnO nanowires out of pre-
patterned side walls of a thin ZnO seed layer, or metal catalysts on planar alumina 
substrate by hydrothermal decomposition,(85) PVD,(86-88) or MOCVD.(89) But the 
horizontal nanowires were rather sparse and random in horizontal orientation,(86, 89) or 
of a poor horizontal alignment.(85, 87-88) Horizontal alignment of the ZnO nanowires 
after growth were also achieved by dispersing the nanowires into solvents then applying 
high frequency alternative electrical field.(90) 
For wurtzite structured ZnO nanowires, they have intrinsic high energy ±(0001) 
polar surfaces terminated with Zn2+ plane and O2- plane, respectively. These surfaces 
have high energy and have active sites, which the newly arrived precursor molecules are 
more likely to adsorb to, resulting in fast growth along <0001>. If we look from a crystal 
structure point of view, it has a six-fold symmetry at its top and bottom surfaces, and a 
 
Figure 15. SEM images of horizontal ZnO nanowires of different widths and lengths. (a) Top 
view and (b) 30° tilted view of the thick nanowires, ~550 nm wide out of 200 nm photoresist 
openings, and thin nanowires, ~100 nm wide out of 50 nm wide photoresist openings. (c) Top 
view and (d) 30° tilted view of the long nanowires, ~7.5 μm in length out of 4 μm long 
photoresist openings, and short nanowires, ~4.5 μm in length out of 1 μm photoresist openings. 
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two-fold symmetry at its side surfaces, as illustrated in Figure 14 in different colors. So, 
if we have a six fold symmetry substrate, then the nanowire would grow vertically on the 
substrate. That’s called epitaxial growth. Similarly, if we have a substrate that has a two-
fold symmetry, then the nanowire would grow horizontally on the substrate.(83-84) 
 
Figure 16. Flow chart growing patterned horizontal ZnO nanowire arrays on A/M plane single 
ZnO substrates. We spin coat a thin layer of photoresist first, then use electron beam to write 
patterns on the photoresist, and then put exposed photoresist into a developer. The photoresist 
where has been exposed by the electron beam is washed away, exposing the ZnO substrate 
underneath in the patterned areas only. Then when we put it into the growth solution, and 
horizontal ZnO nanowires grow out of the photoresist openings only. 
 To grow the horizontal ZnO nanowires, the single crystal ZnO ( 0112 ) substrate 
with photoresist was prepared and post treated by a standard process.(55) The patterns 
were defined by arrays of physical lines and rectangles with different lengths and widths, 
and also different orientations relative to the <0001> direction of the substrate. The line 
dose was ranged from 2.35 nC/cm to 2.55 nC/cm for the physical lines, and from 260 
µC/cm2 to 360 µC/cm2 for the rectangles, as shown in Figure 16. Hydrothermal growth 
was conducted by a similar approach as described above.(55) The whole system was 
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heated up to different temperatures (80 ℃ or 85 ℃) for 2.5 hrs. After growth, it was let 
cool down to ambient temperature, and then was immersed in IPA to remove the 
absorbed water. 
 The growth morphology of the nanowires depends on the quality and structure of 
the substrate. Although <0001> stripe areas can be defined by EBL, a small miscut of the 
substrate along <0001> results in terrace along this direction. In such a case, the step 
edges with the (0001) facets can be the “mini” substrates for the growth. A direct growth 
of multiple nanowires out of the step edges formed one-directionally piled parallel 
nanowires. This was a multi-nuclei growth process.(83) 
 For wurtzite structured ZnO nanowires, along the c axis, they have intrinsic high 
energy polar surfaces such as ±(0001). Owing to the high energy of the polar surfaces, 
 
Figure 17. Illustration of the relationship between the ZnO nanowires growth direction and the 
photoresist openings orientation on the substrate. (a) Top overhead view and (b) 30° tilted view 
of the horizontal ZnO nanowire arrays growing out of an array of cross marks. 
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the incoming molecules tend to favorably be adsorbed on the polar surfaces and get 
energy benefits from satisfying the dangling bonds, resulting in a fast growth along  
±<0001> and the formation of  low energy, non-polar { 0101 } or { 0112 } surfaces. This 
is how a nanowire structure is formed. In the PVD, the width of the nanowire is, in a lot 
of cases, dictated by the size of the catalyst particle and normally doesn’t change with 
growth time, simply because the incoming molecular species are preferably adsorbed on 
the catalyst particle and the growth occurs at the interface between the particle and the 
solid nanowire.(91)  
 But in the wet chemical method, as is always the case, size expansion is observed 
in both the vertical and horizontal directions when the nanowires are grown on 
photoresist pre-patterned substrates.(55, 83, 92) To put it in a different way, the 
dimensions of the ZnO nanowires grown by wet chemical methods are not only decided 
 
Figure 18. Horizontal ZnO nanowire arrays based two-segment monolithic superstructure. (a) 
Top and (b) 30 ° tilt over view of the superstructure. Enlarged (c) top and (d) 30 ° tilt view of the 
thin and thick nanowires connected together by lateral overgrowth. Inset images are enlarged 
view of the connection junctions. 
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by the physical confinement from the photoresist but also in fact established by the 
growth parameters/rates, such as the precursor concentration, the growth temperature and 
growth time. Generally speaking, low precursor concentration, high growth temperature 
and moderate growth time favor thin and high aspect ratio nanowires; low precursor 
concentration, low growth temperature and too long or too short growth time is inclined 
to produce thick and low aspect ratio nanowires.(58)  
 When out of the photoresist openings, the nanowires experience no physical 
confinement and could grow along both polar and non-polar axes, with different growth 
rate though due to the different adsorption rates and the slow diffusion of the precursor 
molecules at low temperatures. In our experiments, we found that out of 400 nm wide 
and 5 μm long photoresist openings, the as-grown nanowires were 1 μm wide and 13.2 
μm long. The overgrowths in width and length were about 600 nm and 8.2 μm, 
 
Figure 19. Horizontal ZnO nanowire arrays based five-segment monolithic superstructure. (a) 
Top and (b) 30 ° tilt view of the superstructure. Enlarged (c) top and (d) 30 °  tilt view of the five-
segment superstructure. Inset image is enlarged view of a thin nanowire at the connection 
junction. 
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respectively. Nevertheless, as shown in Figure 15(a)-(d), we could still control the width 
and length of the nanowires effectively and efficiently by defining different sizes of the 
photoresist openings.(55, 83) We can clearly see that the size of the nanowires increases 
with enlarging the size of the photoresist openings, but they are apparently not in a linear 
relationship. 
 
Figure 20. TEM cross section view of the horizontal ZnO nanowires with the substrate. (a) 
Overview of two adjacent nanowires. Enlarged view of (b) a nanowire and (c) the root area of the 
nanowire. HRTEM images of the areas (d) 1, (e) 2, and (f) 3 in (b), as indicated by the white 
dashed boxes. Selected area electron diffraction patterns of (g) the sole nanowire, (h) the sole 
substrate, and (i) the two together. 
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 The substrate, A-plane ( 0112 ) single crystalline ZnO wafer, has the c axis lying 
inside the top surface plane, so we have to be careful about the orientation of the 
photoresist openings, parallel or perpendicular to the c axis. A cross-arm shaped opening 
pattern was first created by EBL on the substrate (Figure 17). Because the nanowires 
always grow along the c axis, for these photoresist openings parallel to the c axis, one 
opening gives rise to one nanowire; for these not parallel to the c axis, each and every 
single point along the openings could be considered as a seed, and gives rise to one 
nanowire, with approximately the same growth rates along both the c and –c directions, 
indicating that the growth rates along Zn-terminated [0001] and O-terminated [ 1000 ] 
were about the same. In other words, the catalytic activities of the two polar surfaces 
were about the same for hydrothermal growth.(83) These nanowires pile up side by side 
together, forming a ZnO nanowire slab at high precursor concentration. The precursor 
concentration plays an important role here.(58) What we normally used is 5 mM, but 
when it goes to a relatively low level (1 mM), these side by side nanowires will not 
merge with each other. Instead of making strips, we can also make dotted patterns on the 
photoresist and each individual dot could be grown into a nanowire along the c axis.   
 We make use of the lateral overgrowth to make novel two-segment nanowire 
superstructures, as shown in Figure 18. To make the superstructures, we defined an array 
of photoresist openings with different widths separated from each other, e.g. a row of 50 
nm wide photoresist openings, another row of 200 nm wide photoresist openings, and so 
on so forth. When the nanowires grow out of the photoresist openings, they tend to 
expand, and eventually merge or coalesce with each other (inset images show the 
junction regions), forming these continuous two-segment superstructures.  
 By the same methodology, we can make multi-segment nanowire superstructures, 
as shown in Figure 19, with the thinnest part only about 90 nm (inset image of Figure 
19c) growing out of a 40 nm wide photoresist opening. Each and every individual 
segment has an epitaxial relationship with the single crystalline substrate, so the as-grown 
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continuous superstructures are considered to be monolithic single crystals. Of course, the 
separation between the photoresist openings should be moderate to match the amount of 
lateral overgrowth the nanowires could produce. The growth is very sensitive to the 
reaction temperature.(58) When the temperature is lower from 85℃ to 80℃, it changes 
from a well faceted thick nanowire to a pile of thin nanowires. Using this methodology, 
we could fabricate an array of ultra long ZnO nanowires with a length on the order of 
millimeters, and the width on the order of hundreds of nanometers, with an aspect ratio 
on the order of ten thousand. Compared with making an array of continuous ultra long 
photoresist openings, this also saves a lot of lithography exposure time. When fabricating 
these ultra long nanowires, as discussed above, we also need to be careful about the 
orientation of the photoresist openings.  
 The patterned horizontally aligned ZnO nanowire arrays could be straight 
forwardly scaled up for any practical applications. A 200 μm by 300 μm pattern could be 
generated by EBL in about five minutes. 
2.5 Lift-off of the horizontal superstructures onto flexible substrates 
 Figure 20 depicts the cross section of the horizontal nanowires by transmission 
electron microscopy (TEM). Photoresist on the substrate has been removed by annealing 
at 500 ℃ for 30 min, which also helps improve the crystallinity of the nanowires from 
the rough surface morphology of the nanowires before annealing. Just as we expected, 
the cross section of the nanowire appears like a “mushroom” with the root about 100 
nm wide, as defined by the size of the photoresist opening. The nanowire expands 
laterally forming two wings after growing out of the photoresist opening. The separation 
between the wings and substrate surface is about 50 nm (Figure 20(b)), which is the 
thickness of the photoresist. High resolution transmission electron microscopy (HRTEM) 
images around the nanowire clearly indicate that on the ( 0112 ) surface of the substrate, 
the as-grown nanowire is enclosed by well defined ( 0101 ) facets with a surface 
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roughness of less than 2 nm (Figure 20(f)). The selected area electron beam diffraction 
patterns from the sole nanowire (Figure 20(g)) confirm its growth orientation along the c 
axis, from the sole substrate (Figure 20(h)) confirm the orientation of the substrate, and 
from the two together, as shown in Figure 20(i), clearly indicate their epitaxial orientation 
relationship. 
 
Figure 21. Schematic flow chart of transferring the horizontal nanowires from the ZnO substrate 
to flexible polymer substrate. We start from (a) a single crystal ZnO substrate with as-grown 
patterned horizontal ZnO nanowires, then (b) use a PMMA prepolymer glue to bond the existing 
PMMA photoresist, and then (c) lift the PMMA thin film off, and (d) finally do plasma etching 
on the PMMA to partially expose the horizontal nanowires. 
 The single crystalline ZnO substrate is not only mechanically rigid and brittle 
which prevents physical deformation from exerting on the nanowires, but also electrically 
conductive which obstructs us from fabricating electronic devices with the nanowires on 
it. We demonstrate an effective way of lifting off these horizontal nanowires and 
transferring them onto a mechanically flexible and electrically insulating polymer 
substrate.(84) By encapsulating the nanowire arrays with a polymer thin film, the 





Figure 22. SEM images of the two-segment nanowire arrays (a) on ZnO substrate and (b) after 
transferring on flexible substrate. (c) Bright field optical image of the nanowire arrays on the 
flexible substrate. (d) Low magnification SEM image of the two-segment nanowire arrays on a 
flexible substrate. (e) I-V curves of the as-transferred nanowire arrays in dark environment (red), 
under room light (green), and under UV illumination (blue). 
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 For the experimental process, a thin layer of PMMA prepolymer was used on the 
as-grown superstructures, which was prepared by heating methyl methacrylate monomer 
with 0.1% benzoyl peroxide at 95 ℃ for 15 min and then cooled down to room 
temperature. It is not necessary to remove the PMMA photoresist on the substrate simply 
because the prepolymer would form interfacial chemical bonds with the existing PMMA 
photoresist and give rise to a strong binding force between them. The viscosity of the 
prepolymer should be adequate so that it could form strong enough interface bonds, yet 
has sufficient fluidity to enclose all nanowires without leaving any possible bubbles 
behind. After that, the sample was kept at 50 ℃ for 10 h and 100℃ for 1 h to make the 
prepolymer fully polymerized which was about 100 μm in thickness. Then the ZnO 
nanowires were buried in the PMMA. After that the PMMA thin film was peeled away 
from the single crystalline substrate, and the horizontal nanowires were transferred onto 
the flexible PMMA thin film as shown in Figure 22b and 22c. Oxygen plasma was 
applied to etch a thin top surface layer of the PMMA thin film and to partially expose the 
buried nanowire arrays. This could be easily scaled up to a large area, as shown in Figure 
22d. 
 Electrical transport properties of the as transferred nanowire arrays were 
characterized by making connection leads at two ends of the arrays using In metal that 
forms Ohmic contact. As shown in Figure 22e, the conductance of the arrays can be 
readily tuned by room light and UV light. Schottky contact is anticipated to have greater 
performance in this regard than Ohmic contact(25-27) and further study is still 
undergoing. 
 Such a structure could have many important applications in flexible electronics 
and portable nanodevices.(93) This approach shows great promise for many applications 
based on horizontal ZnO nanowires, including chemical and biological nanosensors, 
LEDs, optical gratings, integrated circuit interconnects, and high output power alternating 
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current nanogenerators. To the best of our knowledge, so far horizontal nanowire arrays 
based LEDs have never been demonstrated, whatever the materials are. Borrowing the 
similar idea from the horizontal epitaxial growth of ZnO on A-plane and M-plane ZnO 
substrate, we can also grow horizontal ZnO nanowire arrays on non-polar GaN substrate, 
by virtue of the similar structural and electronic properties of ZnO and GaN. The 
horizontal LED based on the non-polar GaN substrate is said to have less quantum 
confined Stark effects when the biased voltage goes up.(94)  
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CHAPTER 3 
ORDERED NANOWIRE ARRAY BLUE/NEAR-UV LIGHT 
EMITTING DIODES 
 
ZnO-based LEDs have been considered as a potential candidate for the next 
generation of blue/near-UV light sources,(95) due to the direct wide bandgap energy of 
3.37 eV, a large exciton binding energy of 60 meV at room temperature, and several 
other manufacturing advantages of ZnO,(96) including the availability of large area 
substrates at a relatively low cost, amenability to wet chemical etching, great tolerance to 
high energy radiation, and long-term stability. They have great potential for a variety of 
technological applications, such as solid state lighting, optical interconnect, and high 
density information storage, etc. While the pursuit of stable and reproducible p-ZnO is 
still undergoing,(97) heterojunctions of n-ZnO and p-GaN are employed as an alternative 
approach in this regard by considering the similar crystallographic and electronic 
properties of ZnO and GaN.(98-100) Compared with the n-ZnO thin film/p-GaN thin 
film LEDs,(20, 96, 101-106) which may suffer from the total internal reflection, n-ZnO 
nanowire/p-GaN thin film heterostructures are utilized in order to increase the extraction 
efficiency of the LEDs by virtue of the waveguiding properties of the nanowires.(107-
109) But in all of these cases, the n-ZnO nanowires are randomly distributed on the 
substrate, which largely limits their applications in high performance optoelectronic 
devices. 
We demonstrated the capability of controlling the spatial distribution of the 
blue/near-UV LEDs composed of position controlled arrays of n-ZnO nanowires on a p-
GaN thin film substrate.(21) The device was fabricated by a conjunction of low 
temperature wet chemical methods and EBL.(55) Under forward bias of the p-n junction, 
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each single nanowire is a light emitter. By Gaussian deconvolution of the emission 
spectrum,(110-111) the origins of the blue/near-UV emission are assigned particularly to 
three distinct electron-hole recombination processes. And in addition, by virtue of the 
nanowire/thin film heterostructures, these LEDs give an external quantum efficiency of 
2.5 %. This approach has great potential applications in high resolution display, optical 
interconnect, and high density data storage. 
 
3.1  Fabrication and characterization of the heterostructural LED 
The design of the LED is shown in Figure 23(a). Ordered ZnO nanowire arrays 
were grown on p-GaN (Figure 23(b)-(d)).(55, 58, 112) The morphology of the ZnO 
nanowire arrays was characterized by LEO 1550 SEM.  The capability of controlling the 
positions of the nanowires on the substrate allows us to fabricate nanoscale light emitters 
in a controllable pattern.(101) Ohmic contacts to the bottom p-GaN and top n-ZnO 
nanowires were made by depositing a 30-nm by 30-nm layers of Ni/Au by electron beam 
evaporation on the p-GaN followed by rapid thermal annealing in air at 500 ℃ for 5 min. 
Ohmic behavior was confirmed by their individual I-V curves, and the rectifying I-V 
curve comes only from the p-n diode herein. A 50-nm conformal layer of SiO2 was 
deposited onto the nanowire arrays by plasma enhanced chemical vapor deposition. After 
that, a relatively thick layer of PMMA was carefully spun coated onto the substrate to 
wrap around the nanowires. During this process, the SiO2 layer protected the nanowires 
from falling down onto the substrate due to the surface tension of the PMMA. Then 
oxygen plasma was applied to etch away the top part of the PMMA followed by reactive 
ion etching (RIE) to remove the top SiO2, exposing the tips of the nanowires. Since the 
oxygen plasma and RIE were only applied to the tip part of the nanowires, the 
damage/deterioration they might have induced to the electrical and optical properties of 
the nanowires could be neglected. Then, a 100-nm layer of ITO was sputtered as the top 
common electrode of nanowires.  
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Figure 23. (a) Design overview of the LED. (b) 60° tilt SEM view of the as-grown patterned 
vertical ZnO nanowires with a width about 300 nm and (c) after they are wrapped with PMMA 
and the tips are exposed. (d) Top SEM image of the ZnO nanowire arrays. The pitch and layout of 
the nanowire arrays are readily controlled by the EBL. (e) The optical image of a turned on LED 
(artificial bluish color). 
 




Figure 24. (a) EL spectrum as a function of the forward biased voltage. Inset shows by Gaussian 
deconvolution analysis the blue/near-UV emission could be decomposed into three distinct bands 
that correspond to three different optoelectronic processes. (b) All of the four emission bands 
evolve (band width, height, and intensity) as a function of the biased voltage. Inset schematics 
show the band diagram of the n-ZnO/p-GaN heterojunction under no or small biased voltage, 
where the three emission bands comprising the blue/near UV light are specifically indicated in 
different colors. 
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The forward biased voltage was applied by Semiconductor Characterization 
System Keithley 4200. The optical image of the blue/near-UV light was recorded under 
Nikon Eclipse Ti inverted fluorescence microscope with 9 s exposure time and a gain 
value of 1. Figure 23(e) is the optical image of a lighted up LED at a biased voltage of 10 
V. In the device, all of the nanowires are connected in parallel and each single nanowire 
is a light emitter. Brightness difference among the individual nanowires comes probably 
from the current crowding effect and different serial contact resistances therefore 
different injection currents through the individual nanowire. The pitch between each 
lighting spot shown in Figure 23(e) is 4 μm and the resolution is 6350 dpi. 
The EL spectrum was measured on a Master Systems Felix32 PTI fluorescence 
detector. When measuring the EL spectrum, the device was let cool down before doing 
another measurement so the possible thermal effect could be ignored. The physical origin 
of this electroluminescence (EL) has been extensively studied but is still under 
debate.(111, 113) As shown in Figure 24(a), emission spectrum of the as-fabricated LED 
was monitored at different biased voltages/injection-currents at room temperature. We 
can see that, from 4 V to 10 V, the contour of the EL spectrum does not change much 
with the biased voltage. The dominant emission peak is slightly blue shifted in the range 
of 400 nm - 420 nm with a FWHM of about 60 nm. The peak intensity versus injection 
current (L – Im) characteristics have been acquired, showing a superlinear relationship 
with m=1.3. Peak-deconvolution with Gaussian functions, inset picture in Figure 24(a), 
shows that the broad spectrum consists of three distinct bands (Figure 24(b)) centered in 
the range of 395-415 nm, 420-440 nm, and 450-510 nm, respectively, and each emission 
band corresponds to a particular recombination process as elaborated in the following. 
The fitting of the EL spectrum was performed using the Microcal Origin software. The 
near-UV emission band centered at around 400 nm is attributed to the near band edge 
(NBE) emission in ZnO nanowires that originates from the recombination of ZnO free 
and bound excitons. Whereas the red shifted violet emission band centered at about 430 
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nm is ascribed to the transitions from the conduction band or shallow donors to deep Mg 
acceptor levels in the p-GaN thin film substrate.(96, 114-115) 
 
Figure 25. (a) Peak positions blue shift as a function of the biased voltage for (i) ZnO NBE 
emission, (ii) GaN NBE emission, (iii) interfacial emission, and (iv) defective emission. (b) The 
integrated emission bands intensity as a function of the biased voltage. For the defective 
emission, when the biased voltage is below 5.5 V, it is hardly distinguished from the noise level. 
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There has been a controversy about whether the emission is from the n-ZnO 
side(101, 116) or the p-GaN side.(96, 115) Here, from our observation, both scenarios 
have made contributions. In reality, the hole concentration in the Mg-doped p-GaN 
substrate (p~1018 cm−3) is higher than the electron concentration in the n-ZnO nanowire 
(n~1017 cm−3), but the carrier mobility in the p-GaN is smaller than that in the n-ZnO. 
The barrier heights at the interface for the holes (0.57 eV) and for the electrons (0.59 eV) 
are comparably equal. In that case, the charge injection by electrons and holes should be 
comparable from both sides. Of course, the energy band offset at the ZnO/GaN interface 
is likely to be determined by the fabrication process.(117) The blue emission around 460 
nm is related to the radiative interfacial recombination of the electrons from n-ZnO and 
holes from p-GaN.(20, 114, 118) The interface states generally act as nonradiative 
centers that annihilate free electrons and holes. Therefore, it is required to get high 
quality interface between the heterojunctions in order to get high efficiency LEDs. The 
weak red emission at around 790 nm is coming from the native deep level point defects 
(oxygen vacancies and zinc interstitials) in ZnO nanowires.(115)  
As the biased voltage is increased, intensity of the main peak and all of the four 
sub-bands (including the defect emission) exponentially increases and also blue shifts 
(Figure 24(b)). The blue shift has been explained to be caused by several different 
mechanisms, such as band renormalization and band filling,(119) and the screening effect 
of the built-in piezoelectric field.(120) Here in our experiment, the blue shift of the 
emission peak comes from two resources: the blue shift of sub-band positions (Figure 
25(a)), and the change of relative intensities of the sub-bands at different injection 
currents (Figure 25(b)).(114) The blue shift of the ZnO and GaN NBE emission positions 
(Figure 25(a) i and ii) may be caused by the recombination of increasing kinetic energies 
of electrons and holes as the biased voltage is increased, assuming the mobility of the 
carriers does not change too much when the biased voltage is not too high, and that could 
contribute to the energy of the emitted photons. The most obvious blue shift of the peak 
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position comes from the interfacial recombination process (Figure 25(a) iii), which could 
be understood from the band diagram. As the biased voltage is increased, the gap 
between the two quasi-Femi levels is increased, and the interfacial recombination energy 
of the electrons from ZnO side and holes from GaN side goes up.  
The blue shift of the EL spectrum also comes from the change of the relative 
intensity of the three bands, as shown in Figure 25(b). The intensity of the GaN NBE 
emission increases comparatively faster than the ZnO NBE emission and the interfacial 
emission. As the biased voltage is increased, the band bending of the p-GaN and n-ZnO 
is reduced, therefore the kinetic energy of the electrons and holes is increased and they 
have much higher probability to go across the interface barrier and recombine at the other 
side. As we compare the curve for ZnO NBE and the one for GaN NBE emissions 
(Figure 25(b)), at low biased voltages (< 7.0 V), the ZnO NBE emission has a 
competitive intensity with the GaN counterpart. As the biased voltage goes up, the ZnO 
NBE emission falls behind the GaN. In comparison with the high quality GaN thin film 
fabricated by MOCVD, the relatively high level of native defects with the hydrothermally 
grown ZnO nanowires could undermine its internal quantum efficiency. These point 
defects in the ZnO nanowires perform like trapping centers and give rise to nonradiative 
recombinations.  
 
3.3 External quantum efficiency of the heterostructural LED 
As the flat thin film based LEDs are suffering from the low light extraction 
efficiency as limited by the total internal reflection, extensive research efforts have been 
made in this regard, such as roughing the surface of the emitting thin film,(121) reshaping 
the geometry of the LED architecture,(122) utilizing resonant cavity,(123) coupling with 
surface plasmon,(124) and fabricating photonic crystal structures,(125) etc. Among these 
approaches, nanowire/thin film heterostructures are proposed to be a promising method 
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considering the feasible waveguiding properties of ZnO nanowires.(105, 107-108, 126-
128)  
 
Figure 26. External quantum efficiencies of two heterostructural LEDs as a function of the biased 
voltage/injection current. The efficiency was determined only when the LED was turned on and 
the light output power was stably registered with the power meter. 
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,(108) 86.5 % of the light would be confined within a 223 nm 
nanowire, where V  is the single mode cut-off value, a  is the diameter of the nanowire, 
oλ  is the free space wavelength of the propagating light (here we set it to be 400 nm), 
and 1n (2.10) and 2n  (1.59) are the effective refractive index of the ZnO nanowire and 
the cladding PMMA thin film, respectively. To note, the facets of the nanowire are 
assumed to be perfectly flat under the single mode conditions. But in reality, these 
nanowires have rounded tips (Figure 23(c)), a large surface to volume ratio, and thus a 
high density of surface states near the band edge, which allows a great reduction of the 
back reflections at the ZnO nanowire surfaces, known as the omnidirectional reflector 
effect.(129) Besides, based on an effective medium theory, these graded refractive 
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indices of GaN (2.49), ZnO (2.10) and PMMA (1.59) could largely reduce the Fresnel 
reflection between GaN/ZnO and ZnO/PMMA interfaces, which helps the optical 
transmission.  
By virtue of these advantages, the light could easily be extracted out through 
multiple scattering. ZnO have a transmittance of over 90% in the visible range,(107) so 
the self-absorption of the nanowires should not be the major concern. To take one step 
further, the patterned ZnO nanowire arrays form a two-dimensional photonic crystal, 
which has an optical bandgap for the light travelling parallel to the surface of the 
substrate. So by controlling the periodicity of the nanowire arrays, it may be possible to 
match the wavelength of the emitted light to the bandgap of the photonic crystal, possibly 
resulting in normal directional emission of the light.  
Figure 26 shows the room temperature external quantum efficiency versus d.c. 
injection current characteristics. The external quantum efficiency of the LEDs was 
measured using a power meter (OPHIR, NOVA-ORIEL, P/N 1Z01502) and a light 
detector (OPHIR, 3A-P-SH-V1, P/N 1Z02622). The external quantum efficiency was 
calculated by acquiring the ratio of the output light power and the input electrical power. 
As we clearly see, the external quantum efficiency of the LED is about 2.5 %, which is 
considerably high for a single p-n junction based LEDs, and such data are reproducible 
and consistent for several devices. As the biased voltage/injection current is gradually 
increased, the external quantum efficiency becomes steady, which indicates that the serial 
resistance or the nonradiative recombination through the defects, e.g. Auger 




HIGH POWER OUTPUT THREE-DIMENSIONAL 
NANOGENERATORS 
 
Building self-powered nanosystems is a future direction of nanotechnology. A 
nanosystem is an integration of nanodevices, functional components and a power source. 
The search for sustainable micro/nano-powering sources for driving wireless and mobile 
electronics is an emerging field in today’s energy research, which could offer a 
fundamental solution to the energy needed for driving nanodevices/nanosystems, for its 
independent, wireless, and sustainable operation.(130-132)  In particular, ZnO based 
piezoelectric nanogenerators are a promising approach for harvesting small 
environmental vibrations.(32-34, 36, 133) 
 
4.1 Multilayered three-dimensional direct current nanogenerator fabricated by 
using paired nanotip-to-nanowire brushes.  
The previously developed nanogenerator was based on a vertically aligned ZnO 
nanowire array that was placed beneath a zigzag electrode with a small gap.(134) The 
nanogenerator relied on the piezoelectric potential created in a nanowire once subject to 
elastic straining, which drove the flow of charge carriers.(135) The zigzag electrode acted 
as an array of parallel integrated tips for simultaneously creating, collecting and 
outputting electricity from all of the active nanowires. In this design, the non-uniform 
heights and random distribution of the nanowires on substrate, however, might prevent a 
large fraction of nanowires from contributing to the energy conversion process; a 
bottleneck technology in the application of nanogenerators is the output power, especially 
the output voltage, which is dictated by individual nanowires. The output current of the 
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nanogenerator is a sum of those contributed by all of the active nanowires, while the 
ultimate output voltage is determined by individual nanowire. The packaging technology 
was of critical importance to keep the gap distance between the zigzag electrode and the 
nanowire arrays just right so that it was large enough to allow the nanowires to be freely 
bent/deflected, but small enough to ensure an intimate contact between the nanowires and 
the electrode.(136-137)  
 
Figure 27. Schematics show the design and structure of a high output power nanogenerator. 
Patterned ZnO nanowire arrays grown on a general substrate are covered by a geometry matched 
zigzag electrode.(33) 
Motivated by bottleneck of the direct current nanogenerator explained above, we 
need to fabricate position defined ZnO nanowire arrays on the substrates to match the 
shape and morphology of the top zig-zag electrode very well, and this would eventually 
increase the number of active nanowires for participating electricity generation, as shown 
in Figure 27. This approach requires growth of patterned ZnO nanowire arrays over a 
large area. Also, the zigzag top electrode and the bottom ordered ZnO nanowire array 
needs to be well aligned up. 
Alternatively, instead of using the patterned growth of ZnO nanowire arrays as 
the bottom electrode and the zigzag Pt coated Si trenches as the top electrode, we 
demonstrated a new approach to this class of nanogenerators which is composed of 
integrated, paired nanobrushes made of metal coated ZnO nanotip arrays and bare ZnO 
nanowire arrays (Figure 28).(35)  
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Figure 28. Design and fabrication procedures of the multilayered nanogenerators and rational 
growth of ZnO nanowire and nanotip arrays. (a) The as fabricated substrate after coating with the 
Zn(CH3COO)2 seed layer. (b) Growth of hexagonal-prism-shaped nanowire arrays by wet 
chemical method on one side. (c) Growth of pyramid-shaped nanotip arrays on the other side. (d) 
Coating the nanotip arrays with an Au layer by magnetron plasma sputter. (e) Two-layered 
nanogenerator made by stacking three layers of the wafer structures shown in (d), with the Au-
coated nanotip arrays facing and interpenetrating the bare nanowire arrays. The right-hand side is 
the designed symbol for representing the nanogenerators. (f) A multilayered three-dimensional 
nanogenerator integrated by stacking multiple layers of wafer structures. (g) 60° tilt view SEM 
image of the hexagonal-prism-shaped ZnO nanowire arrays grown by chemical approach. (h) 60° 
tilted view SEM image of the pyramid-shaped ZnO nanotip arrays grown by chemical approach. 
Inset SEM images are high magnification views of a single nanowire and nanotip. 
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The nanotip and nanowire arrays were rationally synthesized on the two surfaces 
of a common substrate using the chemical method previously developed and described 
above. The operation of the nanogenerators relied on mechanical deflection of the 
nanowires but not the resonance of the nanowires as required by previous 
nanogenerators. This largely expanded the application of the nanogenerators from a low 
frequency domain (hertz range) to a relatively high frequency domain (megahertz range). 
Furthermore, through layer-by-layer stacking of the devices, high output direct current 
was generated by exciting the architecture with ultrasonic waves. A four-layer integrated 
nanogenerator was demonstrated to generate an output power density of 0.11 μW/cm2 at 
62 mV. The layer-by-layer assembly provides a feasible technology for building three 
dimensional nanogenerators for applications where force or pressure variations are 
present, such as a shoe sole, an underskin layer for airplanes to harvest turbulence, and 
next to a vibration source such as a car engine or tire. 
The density of the ZnO nanowires and nanotips plays a critical role in the current 
generating process. If it is too high, when the nanowire is bent the nanotip, the nanowire 
would probably touch an adjacent nanowire, which would result in charge leakage and 
undercut the charge accumulating process. This would in the end decrease the voltage 
output of the nanogenerator. If the density is too low, then the output power density of the 
nanogenerator would be rather limited. So, we need to optimize the chemical growth 
parameter to get an optimum ZnO nanowires and nanotips density.(58) Also, we need to 
control the morphology of the ZnO nanostructures. Generally speaking, at a low growth 
temperature and long growth time, nanowires were formed, while at a relatively high 
growth temperature and short growth time, nanotips were grown.(58)  
For the ultrasonic wave driven nanogenerator, there were thousands to millions of 
nanowires that contribute to the electric output in a random phase. Although each 
nanowire is considered to be in a unequilibrium state, but the statistical average of 
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thousands of them can be considered as in a dynamic steady state with continuous 
constant output, which is similar with the process in solar cells.  
 
Figure 29. Physical principle of a single layered nanogenerator. (a) Schematic diagram of the 
nanogenerator and the corresponding electron energy band diagram, where “T” is the Au-nanotip, 
and “G” is the grounded nanowire. (b) Under the excitation of ultrasonic wave, there is a relative 
movement (in both vertical and lateral directions) between the nanotip and the nanowire, and as a 
result the nanowire is bent with the contact surface being stretched. The corresponding local 
piezoelectric potential (positive) creates a reversely biased Schottky barrier. (c) When the relative 
movement of the nanotip and nanowire is strong enough, the nanowire is bent enough to touch 
another adjacent nanotip with its compressive side. Then, the local piezoelectric potential 
(negative) sets the Schottky barrier to be forward biased and drives the flow of electrons from the 
nanowire into the nanotip. (d) Schematic diagram of multiple nanowire and nanotip contacts with 
slight variation in heights and lateral distribution. (e) Disregard the nanowires being deflected to 
left-hand or right-hand, the first contacting surfaces with the tips are tensile surfaces with a 
positive piezoelectric potential. (f) Electric currents created by the driving force of the 
piezoelectric potential when the compressive surfaces of the nanowires contacting the surfaces of 
adjacent tips. The contacts can be simultaneous or with a slight delay, but the created transient 
currents flow in the same direction. 
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This can also be interpreted using the energy band diagram. The energy 
conversion process can be understood from the change in band structure induced by the 
piezoelectric potential. Since Au has a work function of 4.8 eV, which is larger than the 
electron affinity of ZnO (4.5 eV), a Schottky contact (barrier height of ΦSB) at the 
interface is formed (Figure 29(a)). When a nanotip slowly pushes a nanowire, a strain 
field is created across the nanowire width, with its outer surface in tensile and its inner 
surface in compressive strain. This asymmetric strain produces an asymmetric 
piezoelectric potential across its width, with V- (negative) at the compressive surface and 
V+ (positive) at the stretched surface.(134, 138) It is important to note that the 
piezoelectric potential is created by the ions in the crystal when the nanowire is subject to 
mechanical deformation, which cannot move freely; they may be partially screened by 
free carriers in the nanowire but cannot be completely neutralized or depleted.(139) This 
means that the piezoelectric potential still preserves even with consideration of the 
existence of moderate free charge carriers in ZnO nanowire. When a nanotip is in contact 
with the stretched surface of the nanowire, which has a higher local potential than the 
nanotip, a reversely biased Schottky barrier blocks the flow of electrons through the 
interface (Figure 29(b)). As the degree of nanowires’ bending increases, its compressive 
side may reach the surface of an adjacent nanotip, thus, the local piezoelectric potential 
V- (negative) in the nanowire results in a local shape modification of the conduction band 
of the nanowire near the nanotip (Figure 29(c)). If the raise in local potential energy is 
large enough as determined by the degree of nanowire bending,(138) the accumulated 
local n-type carriers in the nanowire can quickly flow through the contact into the 
nanotip, which creates a circular flow of the electrons in the external circuit, e.g., the 
output current. The role played by the Schottky barrier is to prevent the flow of electrons 
from the nanotip into the nanowire, which is a key structure for preserving the 
piezoelectric potential and releasing the free electrons from the nanowire into the nanotip. 
A working nanogenerator is required to have such a diode effect, and it was first 
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measured for each and every nanogenerator to determine its correct polarity. The role 
played by the piezoelectric potential is to drive the electrons from the ZnO nanowire to 
overcome the threshold energy at the Au-ZnO interface and flow into the Au nanotip. 
The piezoelectric potential does not directly determine the magnitude of the output 
voltage. As more electrons are pumped into the Au nanotip, the local Fermi surface is 
raised by the accumulated charge. Therefore, the theoretical output voltage is determined 
by nothing but the difference between the Fermi energies of the Au-nanotip on the top 
and the ZnO-nanowire at the bottom, as illustrate by VNG in Figure 29(c). In practice, one 
has to consider the contact resistance, system capacitance and possible current leakage, 
all of which would lower the voltage output to be measured.(140) 
As the nanogenerators was subjected to ultrasonic wave excitation in a water bath, 
the ultrasonic wave would cause a vertical or lateral vibration of the Si wafers and/or 
vibration of the ZnO nanowires, resulting in a relative bending/deflection of the 
nanowires as enforced by the Au coated nanotips (Figure 29(e)). The nanotips were 
significantly thicker and stiffer than the nanowires (Figure 28(g) and (h)). Regardless the 
nanowires being deflected to left-hand or right-hand, the currents generated by all of 
them add up constructively as determined by the Schottky barrier and the uniaxial growth 
of the nanowires (Figures 29(e) and (f)), although the output voltage is determined by the 
performance of individual nanowire. A constant and steady direct output current is 
observed as long as the ultrasonic wave is on.  
The layer-by-layer integrated nanogenerators show enhanced output current and 
voltage. By connecting two individual layers of nanogenerators in parallel, e.g., 
connecting electrodes 1 with 3 and electrodes 2 with 4 in Figure 28(e), the output current 
was a sum of the two nanogenerators. As shown in Figure 30(a), a single layer of 
nanogenerator L1 gave ~13 nA of short circuit output current, and the other layer of 
nanogenerator L2 gave ~10 nA under the same conditions. After connecting them in 
parallel, the output current increased to an average of 22 nA (Figure 30(a), red curve). 
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The working principles could be further verified by reversely connecting those two layers 
of nanogenerators in anti-parallel in reference to the polarities of their Schottky 
barriers,(141) e.g., connecting electrodes 1 with 4 and electrodes 2 with 3 in Figure 28(e). 
The total output current was just 3 nA (Figure 30(a), purple curve), which was the 
difference of their individual output currents.(142) As shown in Figure 30(a), the output 
signal for the L1+L2 case is a lot “unstable” than the L1-L2 case. This is due to the fact 
that the L1+L2 case double amplifies the instability introduced by the intensity and 
frequency of the ultrasonic wave source, while the L1-L2 case impairs the instability. 
 
Figure 30. Output current and voltage signals by connecting two single-layered nanogenerators 
in parallel and anti-parallel, and series and anti-series, illustrating the three dimensional 
integration of the nanogenerators for raising output power. (a) Short circuit current output 
measured from the nanogenerators when connected in parallel and anti-parallel. (b) Open circuit 
voltage output measured from the nanogenerators when connected in series and anti-series. The 
regions when the ultrasonic wave was on and off are indicated. The surface area of each 
nanogenerator was 6 mm2. 
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Figure 31. Open circuit voltage and short circuit current output measured from four-layer 
integrated nanogenerator. (a) Open circuit voltage output measured from each individual layers 
and the four-layer integrated nanogenerator. (b) Short circuit current output measured from the 
four-layer integrated nanogenerator. The regions when the ultrasonic wave was on and off are 
indicated. The surface area of the nanogenerator was 6 mm2. 
In a similar way, by connecting two layers of nanogenerators in a series, e.g., 
connecting electrodes 2 with 3 in Figure 28(e), the output voltage was the sum of the 
output voltages from the two individual layers. As presented in Figure 30(b), L1 gave an 
output voltage of approximate 2.6 mV, while L2 gave about 0.8 mV. When those two 
layers of nanogenerators were connected in series and tested under the same condition, 
the output voltage was around 3.5 mV on average (Figure 30(b), red curve), which was 
the sum of their individual outputs. Furthermore, if we put the two layers in anti-series, 
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e.g., connecting electrodes 2 with 4 in Figure 28(e), the output voltage was just 1.5 mV 
(Figure 30(b), purple curve), which was the difference of their individual output voltages. 
Integration of multilayers of nanogenerators has great potential for raising the 
output voltage. Once the output voltage is high enough to operate an electronic device, 
such as a diode, the outputting electric energy from the nanogenerators can be stored for 
future use. To demonstrate the technological feasibility of the approach, we have 
connected several nanogenerators in series. As shown in Figure 31(a), four individual 
layers of nanogenerators, L3, L4, L5 and L6 with 11 mV, 14 mV, 16 mV and 20 mV 
open circuit output voltages, respectively, were connected in series. The resultant total 
output voltage was ~62 mV as expected. The corresponding short circuit output current 
was around 105 nA (Figure 31(b)). Each of the layers shows typical Schottky 
characteristics. It appears that the ultrasonic wave of 41 kHz can penetrate rather deep so 
that the damping effect is not a major problem. The maximum power output of the four-
layer integrated nanogenerator is 6.5 nW for a surface area of 6 mm2. A power density of 
0.11 μW/cm2 was achieved. 
 
4.2 Multilayered three-dimensional alternating current nanogenerator 
The harvesting of mechanical energy from ambient sources could power electrical 
devices without the need for batteries. However, although the efficiency and durability of 
harvesting materials such as piezoelectric nanowires have steadily improved, the voltage 
and power produced by a single nanowire are insufficient for real devices. The 
integration of large numbers of nanowire energy harvesters into a single power source is 
therefore necessary, requiring alignment of the nanowires as well as synchronization of 
their charging and discharging processes.  
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Figure 32. On a gold-coated silicon wafer (a), ZnO nanowire arrays (b) are grown by low-
temperature hydrothermal method. PMMA, applied by spin coating (c), covers both the bottom 
and tips of the nanowire arrays. After oxygen plasma etching (d), the tips of the nanowires are 
exposed, but the main body and bottoms of the nanowires are still fully enclosed. A platinum-
coated flat electrode is placed on top of the nanowires (e) to form a firm Schottky contact. When 
a uniaxial stress is applied at the top electrode (f), the nanowires are readily compressed, the 
straining of the crystallographically aligned nanowires generating a macroscopic piezoelectric 
potential along the c-axis growing direction of the nanowires. g–i, SEM images of the as-grown 
ZnO nanowire arrays on the substrate (g), after spin-coating with PMMA (h) and after oxygen 
plasma etching (i). 
We present an innovative approach for using vertically (Figure 32 (a)-(i)) aligned 
ZnO nanowire arrays for converting mechanical energy into electricity using materials 
that are environmentally friendly and biocompatible. The vertical nanowires are in full 
contacts at the two ends. Utilizing the crystallographic alignment of the nanowires, a 
macroscopic piezo-potential is created when the nanowires are subjected to a uniaxial 




Figure 33. Magnitude of the output voltage as a function of the magnitude of the compressive 
stress at a frequency of 2 Hz. The vertically integrated nanogenerator is built using ZnO 
nanowires of about 300 nm in tip diameter and 4 μm in length. The size of the vertically 
integrated nanogenerator was ~4 mm2. The total number of nanowires grown in the 
nanogenerator was ~75,000 (area density 1.9x106/cm2). As the applied stress is gradually 
increased from 0 MPa, 1.25 MPa, 2.5 MPa, 3.75 MPa, 5 MPa, and then to 6.25 MPa, the output 
voltage increases almost linearly. The impact speed of the mechanical trigger was 0.1 m/s, but it 
was hard to correlate this to the straining rate in the nanowires because the damping effect of the 
packaging material around the nanogenerator was difficult to be quantified. 
Theoretical calculations have shown that, within elastic linear mechanics regime, 
the output voltage of a single nanowire is linearly proportional to the magnitude of its 
deformation.(138) The ZnO nanowires in the vertically integrated nanogenerator were all 
connected in parallel between the two electrodes. Undoubtedly, as we raise the pressing 
force onto the nanowires, the deformation of the nanowires becomes larger, and the 
output voltage linearly scales up (Figure 33). It must be noticed that a large fraction of 
the applied stress was consumed at overcoming the elasticity of the packaging material 
(1-2 mm in thickness) around the vertically integrated nanogenerator. The magnitude of 
the output voltage also depended on the straining rate at which the stress was applied. 
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The output signals of the vertically integrated nanogenerator were stable over a long 
period of time. 
 
Figure 34. Enhancing the output voltage of the vertical nanowire array nanogenerators by 
integrating them in series. (a) Individual devices produce output voltages of 80, 90 and 96 mV, 
respectively. When the three nanogenerators are connected in series, the voltage increases to 243 
mV. (b) Linear superposition of output current when the nanogenerators are connected in parallel. 
Individual devices produce output current densities of 6.0, 3.9 and 8.9 nA cm−2, respectively. 
When the three nanogenerators are connected in parallel, the output current density increases to 
18.0 nA cm−2.Insets in the left panels of (a) and (b) are enlarged views of a single pulse. 
We have integrated three vertical nanowire array nanogenerators in series to 
receive an enhanced output voltage of 0.243 V (Figure 34(a)) and in parallel to get an 
improved output current density of 18 nA/cm2 (Figure 34(b)). A peak output power 
density of 2.7 mW/cm3 has been achieved. This demonstrates a great potential for layer-
by-layer three-dimensional integration for applications where a dynamic compressive 
stress/straining is available, such as in shoe pads, automobile tires and underneath of 
carpet/floor. 
4.3 Self-powered nanowire devices 
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Figure 35. (a) Voltage drop across a single ZnO nanowire-based pH sensor powered by a vertical 
nanogenerator with an output voltage of 40 mV, showing a stepwise dropping of the voltage 
across the nanosensor as a function of its local pH value. The ZnO nanowire was covered with a 
thin layer of Si3N4 and the testing was carried out within 1 hr so that the etching effect from the 
solution was negligible. (b) Voltage drop across a ZnO nanowire based UV sensor powered by a 
vertically integrated nanogenerator with an output voltage of ~25 mV. When the UV light is off, 
the resistance of the nanowire is comparable to the inner resistance of the vertically integrated 
nanogenerator, and the nanowire therefore shares a substantial amount of voltage. When the UV 
light is turned on, the resistance of the nanowire decreases to a level that is non-competitive to the 
vertically integrated nanogenerator, and the voltage drop across the nanowire is very small. The 
insets are schematics of the nanowire-based nanopower–nanodevice systems. 
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Building self-powered nanosystems is a future direction of nanotechnology. A 
nanosystem is an integration of nanodevices, functional components, and a power source. 
The vertical nanowire array nanogenerator was integrated with a single nanowire based 
nanosensor to demonstrate a “self-powered” nanosystem that was made of a vertical 
nanowire array nanogenerator and a nanosensor, the two of which were separated 
components and were connected in series to form a loop.  
As shown in an inset in Figure 35, a vertical nanowire array nanogenerator was 
connected to a ZnO nanowire based pH sensor, and the voltage across the nanosensor 
was monitored by a voltmeter (143). The pH sensor was coated with a 10 nm Si3N4 layer, 
which was thin enough for the electrostatic interaction between the surface adsorbed 
charges and the carriers in the nanowire. By powering the pH sensor using a vertical 
nanowire array nanogenerator that generated an output voltage of ~ 40 mV, a clear 
sensitivity to local pH change was observed (Figure 35(a)). When the buffer solution was 
basic, the surface of the nanosensor was dominated by -O- groups. Those negatively 
charged groups resulted in depletion regions at the surface of the n-type ZnO nanowire, 
which increased the resistance of the ZnO nanowire. Thus, the voltage drop on the ZnO 
nanowire was relatively high. As the buffer solution was changed from basic to acidic, 
the surface of the nanosensor was gradually changed from -O− to -OH2+ groups. 
Therefore, the depletion regions at the ZnO nanowire surface diminished, which would 
lower the resistance of the ZnO nanowire. As we changed the pH value of the testing 
buffer solution from 10.01, 9.18, 7.01, 6.86, then to 4.01, the voltage drop on the pH 
sensor changed accordingly (Figure 35(a)). 
A vertically integrated nanogenerator was also applied to drive the operation of a 
ZnO nanowire based UV sensor (Figure 35(b)). When UV light was off, the resistance of 
the UV sensor was ~10 MΩ, which was of the same order as the vertically integrated 
nanogenerator’s inner resistance. The corresponding voltage drop on the nanosensor was 
about 25 mV, as shown in Figure 35(b). When the nanosensor was illuminated by UV 
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light, its resistance dropped to ~500 KΩ, which is 20 times lower in magnitude than that 
before illumination. And then the voltage drop on the nanosensor could hardly be 
distinguished from the noise. 
 
Figure 36. When gradually changing the amount of loading resistance (from 0 to 30 MΩ), the 
magnitude of the voltage drop across the resistor changes accordingly. The voltage on the resistor 
is V = V0R/(R+r), where V0 is the open circuit voltage of the vertically integrated nanogenerator, 
r is its inner resistance, and R is the resistance of the resistor. 
This unambiguously indicates that the vertical nanowire array nanogenerator of 
20-40 mV can power up a nanosensor! By using a variable resistor, the voltage across the 
resistor was sensitive to the magnitude of its resistance and the result fits well to the 
linear circuit theory (Figure 36). The powering of a nanosensor is a pivot step toward 
building up self-powered, solely nanowire-base nanosystems.  
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CHAPTER 5 
HIGH PERFORMANCE ALTERNATING CURRENT 
NANOGENERATORS BASED ON EPITAXIALLY GROWN 
PBZRXTI1-XO3 NANOWIRE ARRAYS 
 
 Lead zirconate titanate, PZT, is probably the most important piezoelectric 
material for sensors and actuators owing to its remarkable piezoelectric 
performance.(144-145) However, the fabrication of PZT thin films(146) and 
microfibers(147) usually requires high temperatures (~ 650 ℃) to increase the 
crystallinity,(148) which leads not only to high cost and incompatibility with general 
fabrication processes, but also makes it difficult to integrate with soft materials, even 
though a transfer technique has been demonstrated recently.(149) We reported the first 
epitaxial growth of vertically aligned single crystal PbZr0.52Ti0.48O3 nanowire arrays on a 
variety of conductive and nonconductive substrates by hydrothermal decomposition at 
230 ℃.  
 
5.1 Epitaxial growth of PZT nanowire arrays by hydrothermal decomposition 
PZT nanowire arrays were grown by a hydrothermal process.(150) Conductive 
substrates, 0.7 wt% Nb doped SrTiO3 (STO) (100) and 0.01 wt% Fe doped STO (100) 
(~0.007 Ω·cm), were chosen for the epitaxial growth due to their small lattice mismatch 
with PZT (Figure 37(a)). The growth solution (50 ml) was prepared by mixing 0.8168 g 
(C4H9O)4Ti dissolved in 26 ml ethanol, and 0.8379 g ZrOCl2·8H2O dissolved in 30 ml 
de-ionized water.(151-152) Then the Ti4+ ethanol solution was added drop by drop into 
the Zr4+ aqueous solution under vigorous stirring. The mixed solution was introduced into 
150 ml 0.25M NH3·H2O, resulting in a white precipitation of Zr0.52Ti0.48O(OH)2 (ZTOH). 
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After filtering and rinsing to get rid of the residual Cl−, NH3·H2O, C4H9OH, and 
C2H5OH, the white precipitate ZTOH was redispersed in DI water. Under vigorous 
stirring, 1.656 g Pb(NO3)2, 5.611 g KOH, 0.02 g poly(vinyl alcohol), and 0.36 g 
poly(acrylic acid) were consecutively added. Next, the hydrothermal solution was placed 
inside a stainless steel autoclave with a Teflon liner and with the substrate leaning against 
the side wall. It was then placed in an oven at 230 °C for 12 h. The final product was 
baked at 60 ℃ for 2 h. 
Figure 37. (a) SEM image of the epitaxially grown PbZr0.52Ti0.48O3 nanowire arrays on a Nb 
doped SrTiO3 (STO) substrate by hydrothermal decomposition. (b) HRTEM image and electron 
diffraction pattern (inset) acquired from an as-grown PZT nanowire, indicating a well crystallized 
tetragonal phase with a lattice constant of a = 3.93 Å and c = 4.16 Å. (c) Conventional θ-2θ scan 
XRD spectrum from the as-grown nanowire arrays. (d) Finite element calculation (left) of the 
piezoelectric potential distribution (~ 1 V) in a PZT nanowire (d33 = 1.52 × 10-10 C/N) of 500 nm 
in width and 5 μm in length, under a uniaxial compression of 2.5 μN. The right-hand side 
schematic diagram is the structure of a multilayered nanogenerator fabricated using the nanowire 
arrays. 
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The reaction equations are proposed in the following. During the nucleation and 
growth of PbZr0.52Ti0.48O3 nanowires, the poly(vinyl alcohol) and poly(acrylic acid) 
perform as capping agents that chemisorb at the side surfaces of the nanowires and thus 
inhibit their radial growth. TEM analysis of a single nanowire (Figure 37(b) and Figure 
38) and XRD of nanowire arrays (Figure 37(c)) show that the as-synthesized nanowires 
have a tetragonal phase of single crystalline PbZr0.52Ti0.48O3 (space group P4mm) and a 
[001] growth direction.(153) The vertical growth and alignment were enforced by the 
epitaxial growth on the inorganic substrate. A piezoelectric domain boundary was found 
in the axial direction of the nanowire, but the entire nanowire preserves a single crystal 
structure (Figure 38(c)). 
NH3·H2O ↔ NH4+ + OH−        (6) 
ZrOCl2·8H2O + 2 OH− ↔ ZrO(OH)2 + 2 Cl− + 8 H2O    (7) 
Ti(C4H9O)4 + 4 H2O ↔ Ti(OH)4 + 4 C4H9OH     (8) 
13 ZrO(OH)2 + 12 Ti(OH)4 → 25 Zr0.52Ti0.48O(OH)2 ↓ + 12 H2O   (9) 
Pb(NO3)2 + 2 OH− ↔ Pb(OH)2 + 2 NO3−      (10) 
Pb(OH)2 + Zr0.52Ti0.48O(OH)2 → PbZr0.52Ti0.48O3 ↓ + 2 H2O   (11) 
 
5.2 High power output alternating nanogenerator based on PZT nanowire 
arrays 
Currently, a common bottleneck with nanogenerators is that the output voltage 
and output power are still too small to realize any practical applications. Before being 
able to make any practical applications out of these nanogenerators, we need first to boost 
up their output voltage/power. And there are several different approaches going on 
aiming at resolving this issue, including utilizing large areas of patterned ZnO nanowire 
arrays, doing multi-layer and multi-row integration of the vertical and horizontal ZnO 
nanowire arrays, etc.  
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Figure 38.  Characterization of the as grown PZT nanowires. (a) Energy dispersive X-ray 
spectrum acquired from a single crystal PbZr0.52Ti0.48O3 nanowire in SEM showing its chemical 
composition. (b) Low magnification TEM image. Scale bar, 500 nm.  Upper right is the electron 
diffraction pattern. Lower left is a corresponding HRTEM image recorded from a PZT nanowire. 
Scale bar, 4 nm. (c)  A dark field image from a PZT nanowire showing the presence of a 
piezodomain boundary along the length of the nanowire. Scale bar, 200 nm. 
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Figure 39. (a) Open circuit voltage of a seven-layer integrated nanogenerator before rectification, 
and (b) open circuit voltage and (c) short circuit current of the nanogenerator after rectification, 
where the outputs when the nanogenerator was compressed and released are indicated with red 
and green arrowheads, respectively. The projected surface area of the nanogenerator was 6 mm2. 
(d) Schematic design diagram of the rectifying circuit and charge storage devices, in which the 
measured voltages are labeled. 
As we may know, ZnO is weakly n-type conductive in nature which comes from 
the oxygen vacancies and zinc interstitial atoms. Even though the weak conductivity may 
not screen completely the piezoelectric potential, the piezoelectric potential is decreased 
to a certain degree, which eventually brings down the output voltage and thus output 
power of the nanogenerators.(139) In order to get around this problem, here we 
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demonstrate to use PZT rather than ZnO to boost the output voltage/power of the 
nanogenerators.(144, 149, 154) In addition, PZT has a higher piezoelectric coefficient 
than ZnO, which is more favorable to fabricating nanogenerators than ZnO. 
Finite element calculation is used based on a cantilever model that has one end 
fixed and the other end free. We have three main assumptions. First, the elastic modulus 
of the nanowire is isotropic and the piezoelectric efficient is anisotropic. Second, the 
nanowire is under pure axial compression and free of shear strain. And third, the 
piezoelectric domains are all perfectly aligned up. The calculation result shows that, for a 
tetragonal PZT nanowire growing along [001] direction with a 500 nm diameter and 5 
µm length, a uniaxial force of 2.5 μN can create a piezoelectric potential (piezo-potential) 
of ~ 1 V (Figure 37(d)). 
 
Figure 40. Output voltage of a nanogenerator as a function of the driving frequency. When the 
external force frequency is at relatively high, the soft packaging epoxy polymer could not respond 
at the same pace as the external mechanical force, which dampers the magnitude of the external 
force. Therefore, the amplitude of the output voltage is slightly reduced when the force frequency 
is increased. Such performance is expected to be improved with the exploration of new packaging 
materials and technologies. 
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To utilize this high piezo-potential, nanogenerators were fabricated using the PZT 
nanowire arrays grown on conductive Nb-doped STO substrates,(155) following the 
schematic shown in Figure 37(d). A piece of Si wafer was coated consecutively with 
layers of 50 nm Ti and 300 nm Pt by electron beam evaporation. The Pt side of the Si 
wafer was placed on top of the nanowire arrays to form an intimate electrical contact. The 
area of the nanogenerator layer was 6 mm2. Three-dimensional integration of the 
nanogenerators was accomplished by stacking multiple layers of the described structure. 
Each layer was a distinct nanogenerator with each set of two terminals insulated from the 
other layers and the entire structure was packaged with soft epoxy polymer to ensure the 
robustness of the device and also isolate possible moisture erosion to the nanowires. The 
as-fabricated alternating current nanogenerator was measured by the mechanical 
stimulation triggered by a linear motor that provided a controllable impact speed, force 
and frequency.  
Electrical polarization was required to align the piezoelectric domains in the same 
direction and in all of the nanowires. In the as-grown nanowires, the dipole moments 
resulting from the position shift of the Ti4+/Zr4+ ions could take six possible orientations 
along <001>. An electric poling of the nanowires was made by applying an external 
electric field of 100 KV/cm in a dielectric fluid of high dielectric strength and with the 
top electrode negative and bottom electrode positive. As a result, a macroscopic 
piezoelectric polarization was forced to align upward normal to the substrate.(156) When 
the PZT nanowires are subject to a uniaxial compressive force, a piezoelectric field is 
created inside the nanowires, which produces a transient flow of the free electrons in the 
external load to screen the piezo-potential. When the force is lifted, the piezo-potential 
diminishes, and the accumulated electrons are released. A dynamically applied stress 
drives the electrons in the external circuit to flow back and forth, resulting in an 
alternating output. The dynamic strain applied to the nanogenerator in our study was 
stimulated using a linear motor, which provided a controllable impact speed, force and 
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frequency. Shown in Figure 39(a) is the output voltage profile from a seven-layer 
integrated nanogenerator under a periodic mechanical pressing (P) and releasing (R). The 
output voltage is reduced compared with the calculated result, due to the following 
reasons. First, the height of the nanowires is non-uniform, and only a few percent of the 
nanowires are actively generating electricity. Second, the nanowires are not perfectly 
vertically aligned. So when the nanowires are under compression, shear strain is 
inevitable. Third is the relatively low remnant polarization after the electric field poling. 
This could be improved by infiltration of insulating polymers into the spacing of the 
nanowires, and thus increasing the driving voltage.  
The intended use is for harvesting naturally available mechanical agitations rather 
than a purposely created regular action to drive the nanogenerator. The output voltage of 
a PZT nanowire based nanogenerator at a range of stimulating frequencies from 1 Hz to 
50 Hz is shown in Figure 40. This demonstrates that the nanogenerator is able to work at 
a range of low frequencies, such as human walking, heart beating and vessel contracting, 
and its capability of powering in-vivo biosensors by harvesting biomechanical and/or 
biofluid hydraulic energies. In addition the nanogenerators could be configured to work 
under a relatively high frequency of ~ 50 KHz.(157) In such a frequency range, the 
average output power is about half of the peak output power, and thus, an average power 
density of 2.8 mW/cm3 is conceivable by increasing the agitation frequency shown in 
Figure 39. 
 
5.3 Powering up microelectronic devices 
 The piezoelectric nanogenerator that converts mechanical energy into electricity 
was first demonstrated using ZnO nanowire arrays.(32) Following this initial discovery, 
both direct current(33, 158-159) and alternating current(34, 160) ZnO nanogenerators 
have been developed. In addition, nanogenerators based on GaN nanowires(161) and 
poly(vinylidene fluoride) nanofibers(162) have shown promising potential for enhancing 
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the nanogenerator performance. Consequently, a world wide effort has been launched in 
this regard, forming a new research field in nanotechnology and energy science.(163)  
 
Figure 41. (a) Voltage across a storage capacitor when being charged by an alternating current 
nanogenerator with 0.7 V peak voltage. (b) An enlarged plot of the voltage curve in (a) at the very 
beginning of the charging process as indicated by a red circle. The step increases in capacitor 
voltage when the nanogenerator is compressed and released are indicated by red and green 
arrowheads, respectively. (c) Discharging voltage curve across a single capacitor when it was 
connected in series together with seven other capacitors to a LD (emission wavelength 650 nm, 
operation power 0.1-6 mW), and the corresponding output power to drive the LD (blue curve). 
Vcap saturates at 0.42 V (1~2). Then the capacitors discharged to light the LD, and the Vcap 
drops to 0.35 V (2~3) followed by a slow decay process (3~4). It is suggested that such a 
discharge behavior took place when the charges stored in the capacitor were insufficient to light 
the LD although the remaining voltage was enough to overcome the LD threshold but the current 
was limited. The output power was derived from the discharge curve following nCVcapdVcap/dt, 
with n = number of capacitors in series. The fluctuation in power curve is due to differentiations 
of the noise in the Vcap curve. (d) Snap shots of the LD before and at the moment of being lit up 
using the stored charges. Video is provided in Supplementary information. 
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 The advantage of using nanowires for energy harvesting is their high mechanical 
robustness and responsiveness to tiny random mechanical disturbances/stimulation. 
Although the output voltage of nanogenerators has been raised to 1.2 V using an 
integration of millions of ZnO nanowires for driving a single nanowire based UV/pH 
sensor,(36) the output power of the nanogenerators was still too small to power any 
conventional electronic components, such as LDs.  
 To fully utilize the electrical energy harvested by the nanogenerator in one full 
cycle of mechanical deformation from both pressing and releasing, a current rectification 
and energy storage system was implemented using a commercial full-wave bridge 
rectifier composed of four diodes (Figure 39(d)), each of which had a threshold voltage 
of 0.3-0.4 V as could be determined from their I-V curves. The voltage and current 
outputs of the nanogenerator after rectification are shown in Figure 39(b)-(c), 
respectively, clearly demonstrating full-wave rectification. Next, the generated charge 
pulses were stored consecutively by connecting eight 22 μF capacitors in parallel, as 
shown in Figure 39(d) with the switches were set at position “1”.  
 The entire charging process was recorded by monitoring the voltage/potential 
across a capacitor as presented in Figure 41(a). A step increase in the stored energy can 
be clearly seen with each cycle of the energy conversion process, as indicated by 
arrowheads in Figure 41(b). As the charging process continued, the voltage of the 
capacitor was saturated to ~ 0.42 V, which was lower than the peak output voltage of the 
nanogenerator and possibly due to voltage drop consumed at the rectifying diodes and/or 
the leakage of the capacitors, especially when the capacitor voltage was high. Then, by 
connecting the eight charged capacitors in series by adjusting the switches to position 
“2”, the total output voltage reached Vtot = 0.42 × 8 = 3.36 V. This was high enough to 
drive a LD with a turn-on voltage of ~1.5 V provided the output power was sufficient at 
the discharge (Figure 41(c)). By utilizing this voltage amplification technique we 
successfully powered a commercial LD by a fast discharge of the stored charges, as 
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shown in Figure 41(d). The voltage drop across a capacitor dropped from ~0.42 V to 
~0.35 V after the discharge process (Figure 41(c)). This means that ~ 16.7% of the stored 
charges were effectively used to drive the LD. The remaining charges were still stored in 
the capacitor and blocked by the threshold operating voltage of the LD. The next round of 
charging the capacitors would start at a base voltage of 0.35 V rather than 0 V, thus the 
following charging cycle should take a lot less time.  
 The projected surface area of the nanogenerator used for generating the charges 
and powering the LD in Figure 36 was ~ 6 mm2. The power generated by such a small 
nanogenerator can not drive the continuous operation of a LD. However, an accumulation 
of charges generated over a period of time is sufficient to drive the LD for a fraction of a 
second. This can be of practical use for devices that have standby and active modes, such 
as glucose sensors and blood pressure sensors for health monitoring, or even personal 
electronics such as blue tooth transmitters (driving power ~5 mW; data transmission rate 
~ 500 kbits/s; power consumption 10 nW/bit) that are only required to be in active mode 
periodically. The excess energy generated/harvested while the device is in standby is 
likely sufficient to drive the device when it is in active mode.  
In comparison to its thin film counterparts, PZT nanowires have several figures of 
merit. First, facial growth of high crystallinity PZT nanowires by wet chemical methods 
exhibits a great advantage for scaling up at a low cost and the possibility of being 
transferred onto flexible substrates,(149) where as single crystal PZT thin films are 
fabricated at high temperature using chemical vapor deposition.(164) Second, the 
nanowires have extremely high elasticity and are resistant to fatigue, allowing large 
degrees of mechanical deformation without fracturing.(165) This results in largely 
enhanced energy conversion efficiencies due to non-linear mechanical properties. Third, 
the force/stress required to induce the mechanical deformation of the nanowires is rather 
small in comparison to that needed to deform a solid thin film based energy harvester, 
thus permitting nanowire based nanogenerators to operate in scenarios where only small 
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triggering forces are available, such as in biological system, tiny vibration and even small 
pressure fluctuation.(160) Finally, the nanogenerators based on nanowires do not require 
a specific driving frequency to operate, but can be driven by a wide range of 
irregular/random low frequency mechanical agitations that are abundant in our daily life. 
In contrast, the thin film based cantilever energy harvesters only work at their high 
resonant frequencies and harmonics,(157) which may not be ideal for application in our 





 Throughout the last four years, as a research assistant in Dr. Wang’s group, I have 
worked towards making significant contributions in one dimensional arrays of oxides 
research through a series of experiments. My contributions are extensive, encompassing 
the following topics. 
 
6.1 Density controlled ZnO nanowire arrays on a general substrate, followed by 
optimization using a statistical design of experiments.  
 Preceding this endeavor, ZnO nanowires were usually very dense and their 
density could not be easily controlled. Using a novel chemical approach, density-
controlled vertical ZnO nanowire arrays were synthesized on both rigid and flexible 
substrates by variation of the precursor concentration.(58) The synthesis had no special 
requirements for the substrates as long as their surfaces were locally flat. This technique 
was a low-cost, time-efficient, and scalable method.  
 Controlling the morphology of the as-synthesized nanomaterials is usually 
challenging, and there lacks a general theoretical guidance in experimental approach. The 
usual “cook-and-look” methods are time-consuming and inefficient. We have developed 
a novel way of optimizing the aspect ratio of hydrothermally grown ZnO nanowire arrays 
by utilizing a systematic statistical design and analysis method.(57) By controlling the 
hydrothermal reaction parameters, we have enhanced the aspect ratio of ZnO nanowires 
from approximately 10 to nearly 23. The statistical design and analysis methods were 
very effective in reducing the number of necessary experiments and in identifying the 
optimal experimental parameters. 
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6.2 Patterned growth of vertical ZnO nanowire arrays and their applications in 
LEDs.  
 In order to grow high quality ZnO nanowire arrays for technological applications, 
it was imperative to develop an approach that met three essential criteria. First, the 
growth temperature must be low so that it can be integrated with a general substrate. 
Second, the spatial distribution of the nanowires should be controlled in size, orientation, 
dimensionality, uniformity, and possibly in shape as well. Finally, all catalysts must be 
eliminated for integration with silicon-based technology. We have developed a technique 
that incorporated all of these requirements. Our method combined EBL and a 
hydrothermal process to achieve patterned and aligned growth of ZnO nanowires at <100 
°C on general inorganic substrates such as Si and GaN, without the usage of a 
catalyst.(55)  
ZnO-based LEDs are considered as a potential candidate for the next generation 
of blue/near-UV light sources, due to a variety of advantages of ZnO. By combining low 
temperature wet chemical methods and EBL, we have demonstrated the capability of 
controlling the spatial distribution of blue/near-UV LEDs composed of position-
controlled arrays of n-ZnO nanowires on a p-GaN thin film substrate. Under forward 
bias, each single nanowire is a light emitter.(21) This approach has considerable potential 
for applications in high-resolution displays, optical interconnections, and high density 
data storage.  
 
6.3 Patterned growth of horizontal ZnO nanowire arrays and transfer onto 
flexible substrates. 
 As a counterpart of the vertical ZnO nanowire arrays, horizontal arrays are vital 
components in various applications including strain and force sensors, two-dimensional 
photonic crystals, integrated circuit interconnections, and high output power-alternating 
current nanogenerators. Due to unresolved technical problems, there has been very little 
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progress in this domain, though. Previous methods have resulted in rather sparse 
distribution of nanowires with random lateral orientations or poor alignment. By using a 
variation of our chemical synthesis technique, we have fabricated patterned horizontal 
ZnO nanowire arrays on single crystal ZnO { 0112 } surfaces, with superior control over 
their dimensionality, orientation and uniformity incorporating EBL and a low 
temperature hydrothermal decomposition.(83) Furthermore, these horizontal nanowires 
have been successfully lifted off and transferred onto a flexible polymer substrate,(84) 
which greatly expands their potential applications.  
 
6.4 Integrated high performance direct current and alternating current 
nanogenerators for self-powered nanosystems.  
 Energy harvesting from the environment for powering nanosystems is a vital 
imperative for its independent, wireless, and sustainable operation. In this regard, ZnO-
based piezoelectric nanogenerators are a promising approach for harvesting the 
unexploited masses of low-intensity environmental vibrations. We have developed a new 
nanogenerator composed of integrated, paired nanobrushes made of metal-coated ZnO 
nanotip arrays and bare ZnO nanowire arrays.(35) Additionally, through the stratified 
stacking of the devices, a four-layer integrated nanogenerator has been accomplished. 
We have brought our advancements a step beyond that by integrating 700 rows of 
lateral ZnO nanowires, producing a peak voltage of 1.26 V at a low strain of 0.19%, 
which is sufficient to recharge an AA battery. In one of our separate devices, a vertical 
integration of three layers of ZnO nanowire arrays produces a peak power density of 2.7 
mW/cm3. We have used the vertically-integrated nanogenerator to power a nanowire pH 
sensor, thus demonstrating a self-powered system comprised entirely of nanowires.(36)  
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6.5 Epitaxial synthesis single crystalline PbZr0.52Ti0.48O3 nanowire arrays by 
hydrothermal decomposition and high performance alternating current 
nanogenerators 
We have also pioneered the first chemical epitaxial growth of PbZr0.52Ti0.48O3 
nanowire arrays and their application as high output energy converters. The 
nanogenerators fabricated using a single array of PbZr0.52Ti0.48O3 nanowires produce a 
peak output voltage of ~ 0.7 V, a current density of 4 μA/cm2, and an average power 
density of 2.8 mW/cm3. The alternating current output of the nanogenerator has been 
rectified and the harvested energy has been stored and later utilized to light up a 
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